Epidermal growth factor (EGF) receptor (EGFR) signal transduction is organized by scaffold and adaptor proteins, which have specific subcellular distribution. On a way from the plasma membrane to the lysosome EGFRs are still in their active state and can signal from distinct subcellular locations. To identify organelle-specific targets of EGF receptor signaling on endosomes a combination of subcellular fractionation, two-dimensional DIGE, fluorescence labeling of phosphoproteins, and MALDI-TOF/TOF mass spectrometry was applied. All together 23 EGF-regulated (phospho)proteins were identified as being differentially associated with endosomal fractions by functional organelle proteomics; among them were proteins known to be involved in endosomal trafficking and cytoskeleton rearrangement (Alix, myosin-9, myosin regulatory light chain, Trap1, moesin, cytokeratin 8, septins 2 and 11, and CapZ␤). Interestingly R-Ras, a small GTPase of the Ras family that regulates cell survival and integrin activity, was associated with endosomes in a ligand-dependent manner. EGF-dependent association of R-Ras with late endosomes was confirmed by confocal laser scanning immunofluorescence microscopy and Western blotting of endosomal fractions. EGFR tyrosine kinase inhibitor gefitinib was used to confirm EGF-dependent regulation of all identified proteins. EGF-dependent association of signaling molecules, such as R-Ras, with late endosomes suggests signaling specification through intracellular organelles. Molecular & Cellular Proteomics 6:908 -922, 2007.
tor tyrosine kinase family in general, considered receptor activation at the plasma membrane, which initiates downstream signaling cascades with subsequent shutting down of the signaling by receptor endocytosis and degradation. However, the concept of an extended signaling pathway through the internalized, but still active, EGFR is now appreciated (1) . EGFR signal transduction is compartmentalized at the plasma membrane and on endosomes. On a way from the plasma membrane to the lysosome EGF receptors are still in their active state and co-localize with signaling units on endosomal compartments and therefore can signal from distinct subcellular locations. The signaling units are organized by scaffold and adaptor proteins, which have specific subcellular distribution (2, 3) . Two scaffold proteins, kinase suppressor of Ras (KSR1) and the MEK1 partner (MP1), are known to assemble ERK complexes at distinct subcellular locations. KSR1 regulates the formation of a MAPK signaling unit at the plasma membrane upon EGF stimulation (4) . The MP1 scaffold forms a stable heterodimeric complex with the adaptor protein p14 and assembles an ERK cascade on late endosomes (5, 6) . Endosomal localization of the p14-MP1 complex is exclusively required for the activation of ERK on late endosomes (3, 6, 7) . EGFR signaling complexes can be formed specifically also on early endosomes. Activated EGFRs can internalize into a population of early endosomes carrying the Rab5 effector APPL1, which undergoes EGF-dependent nucleocytoplasmic shuttling required for cell proliferation (8) . The contribution of the spatial and temporal regulation of ERK to specific signaling outcomes is unclear. This is not defined largely due to a lack of knowledge concerning specific targets of endosomal EGFR signaling.
About 200 targets of EGF are known (9 -12) . Presently 177 molecules involved in EGFR signaling pathway are listed in the Human Protein Reference Database (www.hprd.org), but it is unclear how specificity of the signaling is generated. Downstream of the EGFR about 160 substrates have already been discovered for ERKs (for a review, see Ref. 13 ). Core kineses (Raf, MEK, and ERK) form a complex network of interacting proteins within MAPK pathways as well as in cross-talk with other signaling cascades, thereby regulating different cellular processes.
To identify EGFR signaling targets on endosomes a combination of subcellular fractionation and a functional proteomics approach based on two-dimensional DIGE, fluorescence labeling of phosphoproteins, and MALDI-TOF/TOF mass spectrometry was applied here. The major advantage of 2DE over gel-independent mass spectrometry-based techniques for functional proteomics analysis is the ability to easily detect the proteins of interest, e.g. regulated by a growth factor, while ignoring thousands of other species in a biological sample following identification. This is even of more importance for the protein samples of reduced complexity such as cell organelles. The total number of different constituents of an organelle is rather limited to a few thousands protein species; therefore many low abundance organelle-specific proteins can be detected in the high resolution 2D gel. The combination of several complementary approaches in this study (well established subcellular fractionation and a high sensitivity 2D DIGE technique combined with phosphospecific fluorescent staining with subsequent identification of proteins by sensitive MALDI-TOF/TOF mass spectrometry) allowed us to track dynamic changes in endosomes after stimulation of cells with growth factor and formation of signaling complexes, which are otherwise difficult to detect because such associationdissociation events can be very transient. Furthermore proteins that shuttle between the cytoplasmic space and the endosome are mostly peripheral and not transmembrane proteins and as such are well suited for 2DE-based separation.
Stimulation of EpH4 mouse mammary epithelial cells with EGF caused a ligand-dependent association or dissociation of several proteins with endosomes. In addition, phosphorylation of organelle-specific proteins could be detected after the ligand treatment. Among identified proteins many are known to be involved in endosomal trafficking and cytoskeleton rearrangement (Alix, myosin-9, myosin regulatory light chain, Trap1, moesin, cytokeratin 8, septins 2 and 11, and CapZ␤) and signaling (R-Ras, G␣ q , G␤ 1 , and G␤ 1 subunits of heterotrimeric G-protein complex), and several proteins are known to be involved in the regulation of general metabolism. EGFR tyrosine kinase inhibitor gefitinib (ZD1839, Iressa) was used to confirm EGF-dependent regulation of identified proteins. In addition, phosphorylation was shown for several of the identified proteins by a recently established method for quantitative detection of phosphoproteins using a combination of DIGE and phosphospecific fluorescent staining (14) .
EXPERIMENTAL PROCEDURES
Cell Culture-EpH4 mouse mammary epithelial cells (15) were cultured in high glucose Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum, 100 units/ml penicillin, 100 units/ml streptomycin, 10 mM HEPES, pH 7.3. Media and reagents for tissue culture were purchased from Invitrogen. The cells were cultivated on 150-mm tissue culture plastic dishes (Sarstedt, Newton, NC) at 37°C in 5% CO 2 and 98% humidity as described previously (15) . Cells were serum-starved for 16 h and stimulated with 100 ng/ml EGF (Sigma-Aldrich) for 5 and 40 min or mock-treated as a control. In some experiments before EGF stimulation cells were pretreated with the EGFR tyrosine kinase inhibitor gefitinib (ZD1839, Iressa) at 1 M concentration for 30 min.
Subcellular Fractionation-The isolation of endosomes has been described recently in detail (16 -18) . Briefly cells were washed three times with ice-cold PBS, scraped, and pelleted at 200 ϫ g for 5 min (see Fig. 2 ). The cell pellet was rebuffered in homogenization buffer (HB) consisting of 250 mM sucrose in 3 mM imidazole, pH 7.4, 1 mM EDTA, protease inhibitors (10 mg/ml aprotinin, 1 mg/ml pepstatin, 10 mg/ml leupeptin, 1 mM Pefabloc SC (Roche Applied Science)), and phosphatase inhibitors (1 mM Na 3 OV 4 , 5 mM Na 4 P 2 O 7 , 50 mM NaF, 10 mM ␤-glycerophosphate) and again pelleted at 1,300 ϫ g for 10 min. The cells were resuspended in HB supplemented with 0.03 mM cycloheximide (Sigma) and homogenized by three passes through a 22-gauge needle (19) . Postnuclear supernatant (PNS) was obtained by centrifugation at 2,000 ϫ g for 10 min at 4°C. For the isolation of crude endosomal fraction the sucrose concentration of the PNS was adjusted to 40.6% by adding 62% sucrose (1:1.2, v/v), loaded on the bottom of an SW41 ultracentrifuge tube (Beckman), and overlaid with 35% sucrose in HB (7 ml). HB was added to fill the tube (3 ml), and the sample was centrifuged at 100,000 ϫ g for 3 h at 4°C. Crude endosomal fractions were collected from the interphase between 35% sucrose and HB. For isolation of late and early endosomes the PNS was loaded on top of a continuous sucrose gradient (10 -40% sucrose in HB) that had been prepared in an SW41 tube using a BioComp gradient master (BioComp Instruments, Fredericton, New Brunswick, Canada). After centrifugation (100,000 ϫ g at 4°C for 16 h) 22 fractions were collected using an Auto Densi-Flow fraction collector (Labconco Corp., Kansas City, MO). The distribution of membranes from endosomal organelles has been determined by Western blotting using antibodies against specific marker proteins (17). To ensure the clearance of possible residual cytosolic proteins, pooled fractions of late, early, and crude endosomes were diluted 1:1 in 3 mM imidazole, pH 7.4, 1 mM EDTA to reduce the sucrose concentration (17) and centrifuged for 1 h at 100,000 ϫ g. The organelle pellets were resuspended in the same buffer, and protein was precipitated using chloroform-methanol according to Wessel and Flugge (20) .
Two-dimensional Difference Gel Electrophoresis-Protein samples were solubilized in 2D DIGE sample buffer: 7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, buffered to pH 8.5. Protein concentration was determined using the Coomassie Plus protein assay (Pierce). Then 20 g of protein in 20 l of sample buffer were labeled with 160 pmol of CyDye DIGE Fluor minimal dyes (Amersham Biosciences) according to the manufacturer's instructions (Cy3 and Cy5 for samples and Cy2 for internal control consisting of equal parts of all samples). Samples were applied by rehydration in IPG strips (18 cm, pH 3-10, non-linear; Amersham Biosciences) and subjected to isoelectrofocusing in an IPGphor TM IEF system (Amersham Biosciences) according to the manufacturer's recommendations. Upon completion of the first dimension, strips were incubated in an equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, a trace of bromphenol blue) containing 1% DTT for 15 min and thereafter in the same buffer containing 2.5% iodoacetamide for 15 min. For the second dimension, strips were transferred to the tops of 12.5% polyacrylamide gels and run for 12-14 h. After electrophoresis gels were scanned using a Typhoon TM 9410 imager at 100-dpi resolution (Amersham Biosciences). Scan settings were optimized for a maximum signal of ϳ85,000 counts. Images were cropped using ImageQuant 6.2 (GE Healthcare), and image analysis was performed using DeCyder 6.5 (GE Healthcare) DIA (Difference In-gel Analysis) software. Directly after scanning gels were fixed and stored at 4°C. Four independent experiments were performed for each experimental setup (21) and statistically analyzed using DeCyder Biological Variation Analysis (BVA) software (GE Healthcare). Endosomal proteins regulated by EGF were considered for identification if p values after ANOVA test and/or corresponding t test were Ͻ0.05.
Detection of Phosphoproteins in DIGE Gels-Phosphoproteins were detected in gels by combination of 2D DIGE and phosphospecific fluorescent staining as described recently (14) . Directly after scanning selected gels were fixed and poststained with Pro-Q Diamond phosphospecific fluorescent dye (Molecular Probes). The images of the same gel scanned before and after poststaining were compared using DeCyder BVA software (Amersham Biosciences). Phosphoproteins were detected as spots with increased Cy3-like fluorescence after Pro-Q Diamond poststaining in comparison with original Cy3 emission (14) .
MS and Protein Identification-For spot picking gels were poststained with ruthenium-based fluorescent protein dye (22) according to an improved staining protocol (23) . Protein spots were excised from gels with an Ettan Spot Picker (Amersham Biosciences) and in-gel digested with trypsin (Promega, Madison, WI) as described by Hellman (24) . The in-gel digests were concentrated and desalted using microZipTipC18 (Millipore, Billerica, MA) by elution of peptides with the acetonitrile solution containing the ␣-cyano-4-hydroxycinnamic acid (Fluka) as a matrix directly onto the target. Mass spectra were acquired using a MALDI-TOF/TOF Ultraflex instrument (Bruker Daltonics, Bremen, Germany). Peptide mass fingerprints (PMFs) and MS/MS spectra of selected precursor ions were interpreted with Mascot (Matrix Science) against the National Center for Biotechnology Information (NCBI) non-redundant protein database.
Antibodies and Western Blotting-Anti-phospho-ERK1/2 and anti-ERK1/2 antibodies were obtained from Cell Signaling Technology (Berverly, MA). Anti-p14 antibody was described previously (6, 7) . Anti-mouse-LAMP1 antibody was from Pharmingen. Anti-Rab5 and anti-Rab7 were gifts from Dr. Angela Wandinger-Ness, anti-TfR was a gift from Dr. Ian Trowbridge. Anti-R-Ras antibody was from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-moesin was obtained from Transduction Laboratories. Western blotting was performed as published previously (17) .
Transfection-pEGFP-R-Ras wild type construct was described previously (25) . Transfection was performed using 1 g of plasmid DNA, Lipofectamine 2000 (Invitrogen), and Opti-MEM medium (Invitrogen) according to the manufacturer's instructions.
Immunofluorescence-EGF-treated and control EpH4 cells were briefly washed in ice-cold PBS and fixed for 20 min with ice-cold 3% paraformaldehyde in PBS following 30 min of blocking at room temperature. Blocking solution (0.01% saponin, 1% gelatin, and 10% goat serum in PBS) was further used for dilution of primary and secondary antibodies. Next cells were incubated at room temperature with primary anti-mouse CD107a (LAMP1) rat monoclonal antibody (Pharmingen) diluted 1:300 for 1 h following PBS washing and for 30 min with secondary antibody (goat anti-rat IgG AlexaFluor 594, Molecular Probes, 1:1000) following PBS washing. 4Ј,6-Diamidino-2-phenylindole (Sigma) was used for nuclear staining. Finally coverslips were mounted in Mowiol (Calbiochem). Slides were analyzed either by an epifluorescence Axioplan 2 Imaging E system (Carl Zeiss GmbH) using AxioVision Release 4.5 SP1 software (Carl Zeiss GmbH) or by confocal laser scanning fluorescence microscopy (LSM 510 META, Carl Zeiss GmbH) using Zeiss LSM Software, version 3.2.
RESULTS

ERK Activation in EpH4
Cells-To establish conditions for functional proteomics analysis we first evaluated ERK1/2 activation upon EGF treatment of EpH4 mouse mammary epithelial cells in a time course experiment. Serum-starved cells were treated with EGF (100 ng/ml) for the indicated time intervals (Fig. 1) , and total cell lysates were analyzed by Western blotting. EGF-induced phosphorylation of ERKs, with a main peak of activation at 5 min and a second smaller peak at 30 -45 min of EGF treatment, was detected with an antibody that specifically recognizes the phosphorylated forms of ERK1/2 (Fig. 1A) . The second ERK activation peak was roughly 20% of the main peak. The activated (phosphorylated) form of ERK could be well separated from the band of non-activated kinase (especially for ERK2 and to a lesser extent for ERK1) on Western blots when detected with anti-ERK antibodies (see Fig. 1B ). By this roughly 75% of the total cellular pool of ERK was phosphorylated at 5 min of EGF stimulation, and about 40% was phosphorylated at the sec- ond activation peak at 30 -45 min of the EGF treatment. These observations are in good agreement with our previous data (7) where immunofluorescence analysis detected a colocalization of phospho-ERK1/2 with late endosomal markers (p14 and MP1) in HeLa cells that were stimulated for 30 min with EGF. We assumed that the second ERK activation peak might correspond to late endosomal ERK signaling, and therefore 5 and 40 min of EGF treatment (in comparison with untreated cells) were taken as time points for the functional organelle proteomics assay to detect EGF-specific targets on endosomes.
Purification of Endosomes from EpH4 Cells-For purification of endosomes we used a subcellular fractionation protocol well established for this cell line based on differential centrifugation in sucrose gradients after mild homogenization and preparation of a PNS (17, 18) . The procedure used here is summarized in a flowchart in Fig. 2 . The crude endosomal fraction containing late and early endosomes was purified by floatation in a discontinuous sucrose gradient consisting of 40.6, 35, and 8.6% sucrose and collected from the interphase between cushions of 35 and 8.6% sucrose solutions. Late and early endosomes float at these conditions in a narrow region of the sucrose gradient (Supplemental Fig. 1 ) as detected by marker proteins for late endosomes (p14, LAMP1, and Rab7) and for early endosomes (TfR and Rab5), respectively. Therefore, a fraction containing late and early endosomes could be efficiently enriched from the PNS. Interestingly, active ERK was also detected in the same fractions where endosomes were floating in the sucrose gradient (see Supplemental Fig.  1A , lower panel) but was clearly absent from neighboring fractions, indicating endosomal ERK signaling. The purification procedure used here was highly reproducible and allowed us to have protein amounts sufficient for subsequent 2D DIGE analyses (approximately 20 g of organelle protein from a standard 150-mm tissue culture plastic dish). Because of high reproducibility of the purification procedure the crude endosomal fraction was used as a main sample in this study. Additionally late and early endosomes were purified from PNS by differential centrifugation in a continuous sucrose gradient as described under "Experimental Procedures" (see also Fig.  1 ). The distribution of membranes from different organelles has been determined earlier (17) . Fractions were pooled according to distribution of specific endosomal marker proteins (Supplemental Fig. 1B ): fractions from 6 to 10 for late endosomes (enriched for p14, LAMP1, and Rab7) and fractions 13-16 for early endosomes (TfR and Rab5 as markers). For 2D DIGE analyses these fractions were pooled from three gradients derived from three independent experiments to have representative samples and sufficient protein amounts (15-20 g of protein). Therefore, late endosomes could be efficiently separated from early endosomes in a continuous sucrose gradient.
New EGF-regulated Proteins on Endosomes Revealed by DIGE-Specifically we looked at proteins that were present either in higher or lower amounts on purified endosomal membranes after 40 min of EGF treatment. In addition, we also investigated which of those differentially associated proteins were phosphorylated. Because this screen was mainly directed to detect peripheral membrane proteins that can associate with or dissociate from endosomes to the cytosolic space in response to EGF treatment, 2D DIGE was the technology of choice.
All together 23 different proteins (in 25 protein spots) were found to be EGF-regulated on endosomes and identified by MALDI-TOF/TOF mass spectrometry ( Fig. 3 and Table I ). Fourteen proteins were associated with endosomes in response to EGF treatment, whereas nine proteins were dissociated from endosomes (Table II) . We did not filter the data based on -fold changes and included in Table II all proteins that were found to be differentially associated with endosomes upon EGF treatment after statistical analysis of four independent experiments performed for each setup (21 smallest changes we could detect in 2D DIGE experiments were from 1.3-to 1.5-fold increase or decrease for 12 protein spots (see Table II ). Another 11 of 23 identified proteins were differentially associated with endosomes up to 2.2-fold difference. Interestingly almost all EGFR signaling-dependent changes in endosomal proteomes were detected after 40 min of EGF treatment. Only two proteins were associated (BCL2-associated athanogene 2 (BAG-2)) or dissociated (LRP130) with endosomes after 5 min but not after 40 min of EGF treatment. Additionally 10 of the regulated proteins were found to be phosphorylated by poststaining of 2D DIGE gels with Pro-Q Diamond phosphospecific fluorescent stain (14) .
The identified proteins can be divided into four groups according to their functions in cells (see Tables I and II) . The first group contains nine proteins involved in endosomal trafficking and cytoskeleton rearrangement. Myosin heavy chain 9 and myosin regulatory light chain, two proteins involved in organelle traffic (26) , were ϳ2-fold increased on endosomes after 40 min of EGF treatment. Both of them were detected here as phosphoproteins. Alix, involved in concentration and sorting of cargo proteins of the multivesicular body (27) , was dissociated from endosomes; no phosphorylation could be detected. Moesin, a member of the ezrin-radixin-moesin (ERM) family of proteins known to play a role in the linkage of actin to membrane ruffles, was less present on endosomes and was not phosphorylated (28) . Cytokeratin 8, the protein that belongs to the intermediate filament family, was more present on endosomes and was phosphorylated. CapZ␤ (Factin capping protein ␤ subunit), which binds to the fast growing ends of actin filaments and is a component of dynactin complex, increased on endosomes and was not phosphorylated. LRP130 (leucine-rich PPR motif-containing protein), which may be involved in the integration of cytoskeletal actin and microtubule networks with vesicular trafficking (29) , was detected in two protein spots that decreased on endosomes and was not phosphorylated. Septin 11 and septin 2, GTPbinding proteins that associate with cellular membranes and actin and microtubule cytoskeletons (30) , were more present on endosomes; septin 2 was detected as a phosphoprotein.
The second group of EGFR targets consists of four signaling proteins. One of them, Ras-related protein R-Ras (Harvey rat sarcoma oncogene, subgroup R), belonging to the small Ras GTPase superfamily, was more present on endosomes; no phosphorylation could be detected. The other three signaling molecules belong to heterotrimeric G-protein complex subunits: G␣ q (guanine nucleotide-binding protein G q , ␣ subunit) and G␤ 1 (G-protein ␤ 1 subunit) and G␤ 2 (G-protein ␤ 2 subunit). The last three proteins were dissociated from endosomes upon treatment of cells with EGF; all of them were also detected to be phosphorylated.
Proteins with chaperone activity were combined in the third group, which consists of four proteins (Table I) . Heat shock 70-kDa protein 4-like, which plays a critical role in protein folding and trafficking (31), was dissociated from endosomes and phosphorylated. Included in this group of proteins was also the transitional endoplasmic reticulum (TER) ATPase, a protein also known as valosin-containing protein. It is involved in the formation of the transitional endoplasmic reticulum and is necessary for the export of misfolded proteins from the endoplasmic reticulum to the cytoplasm for proteasomal degradation. Valosin-containing protein was less present on endosomes isolated from EGF-stimulated cells and was detected as a phosphoprotein. Trap1 (tumor necrosis factor receptorassociated protein 1, HSP75), a member of the molecular chaperone HSP90 family, was slightly increased on endosomes; no phosphorylation of Trap1 could be detected. BAG-2, which inhibits the chaperone activity of HSP70/HSC70 by promoting substrate release, was associated with endosomes after 5 min of EGF treatment and was phosphorylated.
The fourth group consists of six proteins involved in the regulation of general metabolism: methylenetetrahydrofolate dehydrogenase 1-like, the enzyme of folic acid biosynthesis; dihydrolipoamide S-acetyltransferase of pyruvate dehydrogenase complex; glycolytic enzyme pyruvate kinase M2; aldehyde dehydrogenase, an enzyme that converts retinalde-
FIG. 3. Proteins regulated on endosomes by EGF and identified by mass spectrometry. EGF-induced association (shown in red)
or dissociation (shown in green) of proteins with endosomes. EGF-dependent regulation of endosomal proteins was inhibited by gefitinib, an EGF receptor-specific tyrosine kinase inhibitor (shown in blue). Phosphoproteins were detected in gels by combination of 2D DIGE and phosphospecific fluorescent staining as described previously (14) (shown in yellow). PDC, pyruvate dehydrogenase complex; AcCoAH, acetyl-coenzyme A dehydrogenase; VCP, valosin-containing protein; K8, cytokeratin 8. hyde to retinoic acid; acetyl-coenzyme A dehydrogenase, an enzyme of lipid metabolism; and adenylate kinase 2, an ATP-AMP transphosphorylase that is essential for maintenance and cell growth. All proteins of this group were more present on endosomes after 40 min of EGF treatment with an exception of pyruvate kinase M2, which was decreased in the endosomal fraction at this time point. None of those proteins was found to be phosphorylated.
The 2D DIGE analysis of crude endosomes isolated from cells treated with EGF revealed 23 proteins differentially associated with endosomes (see Tables I and II and the supplemental table) . To localize more specifically with which subclass of endosomes the detected proteins were differentially associated, additional experiments were performed with late and early endosomes purified by differential centrifugation in continuous sucrose gradients (see "Experimental Procedures" and Fig. 2) . Importantly, eight of 23 protein proteins identified on crude endosomes were found to be regulated on late endosomes, and seven proteins were regulated on early endosomes (Table II and the supplemental table) . Additionally, one more protein, CapZ␤, was detected to be associated with late endosomes in response to EGF treatment. Association of this actin-binding cytoskeleton protein was very marginal on the level of crude endosomes. Interestingly, the differential association of six proteins (myosin-9, myosin light chain (MLC), cytokeratin 8, G␤ 1 , G␤ 2 , and BAG-2) was detected on all crude, late, and early endosomal preparations. Several proteins were found specifically to be associated (R-Ras and CapZ␤) with or dissociating (TER ATPase) from late endosomes or to be associated with early endosomes (cytokeratin 8). Moreover, comparison of purified late and early endosomes allowed us to roughly estimate the ratio of identified proteins on late versus early endosomes. Several proteins were enriched up to more than 6-fold in late endosomes (Table II) (septin 11, MLC, R-Ras, Trap1, one of the isoforms of ALDH2) or enriched up to 7-fold on early endosomes (e.g. myosin-9, LRP130, moesin, and septin 2), suggesting EGFR-regulated association of these proteins with specifically late or early endosomes.
TABLE I Proteins, identified by MALDI-TOF/TOF MS, differentially associated with endosomes in response to EGF treatment of EpH4 cells
All proteins identified in this study are grouped according to their function and listed together with their accession numbers, molecular weights, and pI. Mascot scores of statistical significance of protein identification by PMFs, are indicated together with the sequence coverage and the number of matched peptides (in parentheses). MS/MS scores are shown for some proteins, identification of which was additionally confirmed by MS/MS sequencing of selected peptides. Phosphorylation was detected for several of the identified proteins by a combination of DIGE and phosphospecific fluorescent staining (marked as P) (14) . EGF-dependent regulation of identified proteins was confirmed using EGFR tyrosine kinase inhibitor gefitinib (marked as "confirmed"); also see the supplemental table.
No.
Protein identity NCBI accession no. Only three of 23 proteins that differentially associated with endosomes upon EGF treatment were already reported as targets of EGFR signaling: cytokeratin 8 (32, 33) , MLC (34) , and Alix (9) . Although this existing knowledge in the literature confirmed our data, it also raised the question why the other proteins identified here on endosomal membranes have escaped identification as EGFR targets up to now? One possible explanation is the relative abundance of proteins in total cell lysates because most EGFR targets studies did not take into consideration subcellular fractionation.
To further investigate this possible bypass we performed the identical experiment but in total cell lysates and without subcellular fractionation. In addition, this experiment was designed to see whether different targets from other major cellular compartments (plasma membrane, cytoskeleton, endoplasmic reticulum, nucleus, cytoplasm, etc.) could be identified.
New EGF-regulated Proteins in Total Cell Lysates Revealed by DIGE-In 2D maps of total cell lysates (TCLs) prepared from EpH4 cells stimulated with EGF for 5 and 40 min, 15 protein spots were found to be differentially regulated (see Fig. 4 ). Table III lists the proteins labeled on the gel shown in Fig. 4 that were identified by MALDI-TOF/TOF mass spectrometry. For several spots the MALDI PMF data alone were not sufficient to unambiguously identify proteins; therefore, sequencing of selected peptides by MS/MS analysis (LIFT mode) was used to confirm these identifications. In TCL six previously known EGF-regulated proteins (MEK1, stathmin, cofilin, destrin, cytokeratin 8, and heterogeneous nuclear ribonucleoprotein (hnRNP)-K) and seven novel targets were identified, thereby principally confirming applicability and high sensitivity of the technique used here. Six of the targets were up-regulated (see Table III ), whereas the other nine proteins were down-regulated upon stimulation of cells with EGF. Additionally phosphorylation of eight of 15 proteins was detected. Among known targets MEK1 is the core kinase, which activates ERK1 and ERK2 mitogen-activated protein kinases by the phosphorylation of a threonine residue and a tyrosine residue. It was detected to be up-regulated and phosphorylated. Stathmin, cofilin 1, and destrin were detected as downregulated spots here. Stathmin is a cytoplasmic protein involved in the regulation of the microtubule filament system; it binds to two ␣/␤-tubulin heterodimers. ERK1/2 are responsible for the phosphorylation of stathmin (35) . Cofilin 1 and destrin (actin-depolymerizing factor, Sid 23) belong to the actin-binding protein actin-depolymerizing factor family and reversibly control actin polymerization and depolymerization. Both proteins were also phosphorylated. Cytokeratin 8 was also found here to be up-regulated and phosphorylated. Cytokeratin 8 belongs to the intermediate filament family; phosphorylation on serine residues is enhanced during EGF stimulation and mitosis (32, 33) . hnRNP-K, one of the major pre-mRNA-binding proteins, was recently identified as an EGFR target in a high throughput mass spectrometry-based proteomics analysis (12) . Two isoforms of this protein were found to be differentially regulated: hnRNP-K-a was up-regulated, but hnRNP-K-b was down-regulated; both isoforms were phosphorylated. It was shown previously that phosphorylation of hnRNP-K by ERK leads to its cytoplasmic accumulation and inhibition of mRNA translation (36) .
The other seven proteins identified here in TCL have not been identified previously as targets of EGFR signaling. Two proteins were up-regulated after 5 min of EGF treatment. One of them was serine/threonine-protein kinase TIK, also known as protein kinase RNA-activated or p68 kinase. Another one was NADH dehydrogenase 1 ␣ subcomplex subunit 5, which transfers electrons from NADH to the respiratory chain in mitochondrion. Phospholipase C-␦-1 was phosphorylated and up-regulated after 40 min of EGF treatment. Three proteins were found to be down-regulated after 40 min of EGF treatment: integrin ␣-3 (a subunit of integrin ␣-3/␤-1 receptor for fibronectin, laminin, collagen, epiligrin, thrombospondin, and CSPG4), plastin-2 (involved in actin filament bundle formation), and dynein intermediate chain 2, which is involved in the assembly of the dynactin complex. Actin-binding protein zyxin was down-regulated at 5 min of cell stimulation, and it was detected as phosphoprotein.
In summary, cytokeratin 8 was the only protein of 23 EGFR targets on endosomes detectable at the level of TCL. Hence organelle purification opened up a so far unexplored level of sensitivity in the detection of new EGFR signaling target proteins.
Confirmation with Gefitinib-The selective EGFR tyrosine kinase inhibitor gefitinib was used here to confirm EGF-dependent regulation of identified proteins. Before EGF stimulation cells were pretreated with gefitinib at 1 M concentration (37) . Hence 30 min of cell pretreatment with gefitinib was found to be optimal to inhibit ERK activation to the same level as that in control untreated cells (see Supplemental Fig. 2) . EGF-dependent regulation (association/dissociation or phosphorylation) of 19 of 23 detected proteins in endosomal fractions (Table II ; also see the supplemental table) and 13 of 15 (Table II) regulated proteins in TCL was inhibited by gefitinib, therefore confirming these results.
Confirmation by Western Blotting-To further validate the proteomics results we compared them with those generated by Western blotting with specific antibodies against selected proteins. As demonstrated in Fig. 5 , anti-R-Ras and antimoesin Western blots confirmed the 2D DIGE results. Namely   FIG. 4 . EGF-regulated proteins detected in total cell lysate and identified by mass spectrometry. EGF induced up-regulation (shown in red) or down-regulation (shown in blue) of proteins is shown. EGF-dependent regulation of proteins was inhibited by gefitinib, an EGF receptor-specific tyrosine kinase inhibitor (shown in green). Phosphoproteins were detected in gels by combination of 2D DIGE and phosphospecific fluorescent staining as described previously (14) (shown in yellow). PK, protein kinase; DH, dehydrogenase; K8, cytokeratin 8.
R-Ras was increased in crude endosomes upon EGF stimulation, and this association was inhibited by gefitinib. Western blotting with anti-moesin antibodies confirmed dissociation of moesin from organelles after 40 min of EGF treatment. Interestingly, moesin was detected on blots as a double band suggesting post-translational modifications of the protein that are most likely not phosphorylations because the protein did not show up in the phosphospecific 2D DIGE staining applied here. However, only the upper band was decreased in an EGF-dependent manner (Fig. 5B, arrow) . Interestingly, the same upper moesin band, which was dissociated from endosomes in response to EGF stimulation, was increased in cytosol at the 40-min time point of growth factor treatment (Fig.  5B, arrow) . Importantly, dissociation of moesin from organelle to cytosol was inhibited by gefitinib, thereby confirming EGFdependent dissociation of this protein from endosomes. EGFdependent dissociation/association of moesin seems to be specific to endosomal organelles because it was not detected at the level of total membrane fractions (see Fig. 5 ).
R-Ras Is Associated with Late Endosomes upon EGF Stimulation-Interestingly R-Ras, a small GTPase of the Ras family, was found in 2D DIGE analyses to be associated with late endosomes in a ligand-dependent manner (Table II) . R-Ras regulates cell survival as well as cell adhesion, spreading, and phagocytosis by activating integrins (38, 39) . As further confirmation of our functional organelle proteomics data, immunofluorescence experiments were performed with R-Ras.
EpH4 cells were transfected with pEGFP-labeled R-Ras, treated with EGF, and processed for immunofluorescence and confocal laser scanning microscopy. There was no detectable co-localization of pEGFP-R-Ras with the late endosomal marker LAMP1 in starved transfected cells (see Fig. 6 ). After 40 min of EGF stimulation R-Ras was co-localized with LAMP1, thereby confirming 2D DIGE results. Very similar results were obtained by epifluorescence microscopy (Supplemental Fig. 5 ), which confirmed association of R-Ras with late endosomes after 40 min of EGF treatment. Interestingly upon EGF stimulation, R-Ras was found to be distributed on the surface of late endosomal organelles (see Supplemental Fig.  5 ) where it co-localized with LAMP1. EGF-dependent association of R-Ras with late endosomes suggests a possibility of R-Ras signaling from the late endosomal compartment. Organelle proteomics provided sensitivity sufficient for detecting low abundance signaling proteins such as R-Ras that associate with the late endosomal compartment upon EGF treatment of EpH4 cells.
DISCUSSION
Once activated at the plasma membrane EGFRs can signal from distinct subcellular locations by co-localizing with signaling units on distinct compartments (1, 3) . EGFR signal transduction is compartmentalized by adaptor and scaffold proteins at the plasma membrane (4) and on endosomes (5, 6) . To identify EGFR signaling targets on endosomes we used
TABLE III Summary of EGF-regulated proteins in total cell lysates of EpH4 cells identified by MALDI-TOF/TOF MS
Identified proteins are listed together with their accession numbers, molecular weights, and pI. Mascot scores of statistical significance of protein identification by PMFs are presented together with sequence coverage and number of matched peptides (in parentheses). MS/MS scores are shown for some proteins, identification of which was additionally confirmed by MS/MS sequencing of selected peptides. Phosphorylation was detected for several of the identified proteins by a combination of DIGE and phosphospecific fluorescent staining (marked as P) (14) . EGF-dependent regulation of identified proteins was confirmed using EGFR tyrosine kinase inhibitor gefitinib (marked as "confirmed"); also see, the supplemental a combination of subcellular fractionation and a functional proteomics approach based on 2D DIGE. Stimulation of EpH4 mouse mammary epithelial cells with EGF caused a liganddependent association or dissociation of 23 different proteins with endosomes. However, only three of them were described previously as EGFR targets. Additionally, phosphorylation was shown for 10 endosomal targets by a combination of DIGE and phosphospecific fluorescent staining (14) . Using EGFR tyrosine kinase inhibitor gefitinib we confirmed EGFdependent regulation of 19 of the identified proteins here.
Mass spectrometry-based high throughput proteomics has been extensively used to characterize the proteomes of several cellular organelles (40, 41) . However, presently only a few functional organelle proteomics studies have been performed so far, e.g. by using SILAC technology to study nucleolar proteome dynamics (42) . Here we used EpH4 mouse mammary epithelial cells to study EGFR signaling. These cells form polarized epithelial layers and are functionally and morphologically still very close to primary epithelial cells (15) . In addition, we have established previously protocols for the purification of subcellular organelles, i.e. endosomes from cultures of EpH4 cells (17, 18, 43) . Purity of isolated organelles is essential for comprehensive analysis of total organelle proteomes, but complete purification is almost impossible (16, 44) . However, for functional proteomics studies (e.g. when two or more differentially treated samples are compared) even enrichment of organelles or certain subcellular fractions shall clearly be an advantage for detection of low abundance proteins and tracking their changes after stimulation of cells.
Usually results obtained by 2DE analyses are validated by independent techniques, such as Western blotting, provided that specific and suitable antibodies are available. As can be seen in Fig. 5 , the Western blotting results were consistent with the results from the 2D DIGE experiment for selected proteins tested. To confirm EGF-dependent regulation of all protein detected in our experiments we used the selective EGFR tyrosine kinase inhibitor gefitinib (37) . EGF-dependent regulation of 19 of 23 detected proteins in the endosomal fraction and 13 of 15 regulated proteins in total cell lysates was inhibited by gefitinib.
Three proteins of the 23 identified have been reported previously to be affected by EGF signaling. EGF-dependent regulation of cytokeratin 8 has been demonstrated using classical biochemical methods (32) , and recently cytokeratin 8 was also found by SILAC proteomics strategy in specific association with EGFR complexes (33) . MLCs were shown to be phosphorylated by myosin light chain kinase (MLCK) in response to ERK1/2 activation (34). Myosin alkali chain isoform 1 was recently also detected by 2DE technique to be down-regulated upon EGF treatment in neonatal porcine pancreatic cells (45) . Two recent mass spectrometry-based quantitative proteomics approaches identified EGF-dependent regulation of Alix, a protein that has been implicated in apoptosis and endosomal trafficking (9, 12) .
Proteins involved in endosomal trafficking of EGFR and EGF-stimulated rearrangements of the actin cytoskeleton were the major proteins affected by EGF stimulation on endosomes (myosin-9, myosin regulatory light chain, moesin, Alix, cytokeratin 8, septins 2 and 11, and CapZ␤). Moesin, a member of ERM family of proteins, was detected previously on early endosomes as a component of a complex with annexin II together with other elements of the cortical actin cytoskeleton, such as ␣-actinin, ezrin, and membrane-associated actin (28) . Moesin is known to play a role in the linkage of actin to membrane ruffles, whereas ␣-actinin is an actinbundling protein found at the sites of actin membrane attachment. This suggested that annexin II is part of the interface between cholesterol-rich membranes such as endosomes or plasma membrane and the cortical cytoskeleton. Indirect association of moesin with EGFR on endosomes is also possible via NHERF-1, a sodium-hydrogen exchanger regulatory fac- tor, also known as EBP50 (46) . NHERF-1 is an adaptor protein that binds moesin and other ERM family cytoskeletal proteins. NHERF-1 also interacts with the EGFR to modulate its mitogenic signaling (47) by stabilizing EGFR at the cell surface. The N-terminal PDZ domain of NHERF specifically binds to an internal peptide motif located within the C-terminal regulatory domain of EGFR. The EGF-dependent dissociation of moesin from endosomes detected here could reflect a mechanism that controls endocytic sorting of membrane receptors, which involves PDZ domain-mediated protein interactions with the actin cytoskeleton as recently described for the ␤ 2 -adrenergic receptor (48) . Interestingly another PDZ domain-containing adaptor protein, syntenin, was detected in our previous organelle proteomics screen to be associated with early endocytic vesicular compartment (49) .
Two myosins, myosin-9 and MLC, were found here to be recruited to endosomes in response to EGF treatment. The more then 2-fold increased association of myosin-9 with endosomes was detected after 40 min of EGF stimulation; this is consistent with the current knowledge on organelle trafficking and endosomal development. Myosin-9, for instance, was suggested as a motor protein to be involved in actin-dependent movement away from late endocytic organelles (26) . In the same study, overexpression of mVps18p (a member of the homotypic fusion and vacuole protein sorting complex) caused the clustering of late endosomes and lysosomes. The clusters were surrounded by components of the actin cytoskeleton, including actin, ezrin, and specific unconventional myosins. The specific subsets of myosins likely provide a means of moving organelles toward or away from each other. Mitogen-activated protein kinase activates MLCK, leading to phosphorylation of MLCs (34) . Phosphorylation of myosin light chains by MLCK is a critical regulatory step in myosin function because it promotes myosin ATPase activity and polymerization of actin cables.
Two septins were detected to be associated with endosomes in an EGF-dependent manner. Septins are GTP-binding proteins that associate with cellular membranes and the actin and microtubule cytoskeletons (30) . Septins (humans have 13 septin genes) assemble into filamentous structures that compartmentalize cell membranes and act as diffusion barriers between different membrane domains and form molecular scaffolds for membrane-and cytoskeleton-interacting proteins at specific intracellular locations. Interestingly the identified septins here had a different distribution between late and early endosomes: phosphorylated septin 2 was enriched in early endosomes, and septin 11 was enriched in late endosomes (see Table II ). In addition, septins regulate the localization of cytoskeleton-binding and motor proteins and bind target membranes and intracellular vesicles. Hence septins might influence vesicle movement and/or catalyze membrane fission and fusion. This might be significant in polarized epithelia and neurons in which vesicles must be targeted to specific domains (30) . New reports link mammalian septins to signaling pathways and mechanisms that regulate membrane and cytoskeleton organization and function, e.g. Cdc42 and Rho signaling (50) . A recent study has shown that mammalian septin 2 contains multiple phosphorylation sites and is phosphorylated by Ser/Thr kinases such as protein kinase C (51).
Alix (PDC6I, programmed cell death 6-interacting protein), identified here to be dissociated from endosomes upon EGF stimulation, was reported recently to be phosphorylated in response to EGF treatment of HeLa cells in a large scale phosphoproteomics approach (9) . Alix regulates cortical actin and the spatial distribution of endosomes and controls the making of and trafficking through multivesicular bodies, which are crucial intermediates within the endolysosomal system (27) .
Interestingly HSP70-4-like protein and its possible interacting partner BAG-2 were found here to be regulated on endosomes by EGF, therefore suggesting an existence of such a complex on endosomes. The HSC70/HSP70 molecular chaperones require partner proteins for executing their functions in specific cellular compartments and cellular processes (52) . BAG family proteins participate in targeting of HSC70/HSP70 to other proteins or protein complexes and control their subcellular distribution. BAG-3, another member of BCL2-binding protein family, was demonstrated recently to be a phosphoprotein, and EGF treatment of MDA-435 cells resulted in tyrosine phosphorylation of BAG-3 (53) . In line with this study, we also detected EGF-dependent association with and phosphorylation of BAG-2 on endosomes after 5 min of EGF treatment. Moreover BAG-3 was shown to form an EGFregulated ternary complex with latent phospholipase C-␥ and HSP70/HSC70 (53) . Interestingly immunoelectron microscopy in human colon carcinoma cells and cell fractionation of mouse embryonic fibroblasts revealed that a subpopulation of HSP70 is directly associated with the membrane of the endolysosomal compartment (54) . HSP70 functions at the level of the lysosomes as a survival protein by stabilizing the lysosomes of cancer cells.
Recently it was reported that LRP130 is an RNA-binding protein showing RNA-dependent interactions with shuttling hnRNPs, including A1 and K (55) . A multifunctional role of LRP130 in multiprotein complexes was suggested from diverse sources generated by trapping and pulldown strategies; these complexes included hnRNP-K (also identified here in TCL as an EGF-regulated protein), several endocytosis-competent transmembrane receptor complexes, and the Arp2/3 complex of the actin cytoskeleton. LRP130 contains Epsin N-terminal homology (ENTH) and SEC1 domains; ENTH domains are most commonly associated with proteins involved in endocytosis and cytoskeletal organization, and SEC1 domains are usually involved in vesicular transport processes among cell compartments (29) . LRP130 may be involved in integration of cytoskeletal actin and microtubule networks with vesicular trafficking, nucleocytosolic shuttling, and transcription during nuclear chromosome remodeling and possibly cytokinesis.
Signaling proteins that were found to differentially associate with endosomes in response to EGFR signaling are members of two signaling pathways: G-protein-coupled receptor protein signaling and R-Ras signaling. Three components of the heterotrimeric G-protein complex, G␣ q , G␤ 1 , and G␤ 2 , were dissociated from endosomes upon treatment of cells with EGF. It was shown before that activation of the tyrosine kinase of EGFR induces G␤␥-dependent G-protein-coupled receptor kinase-EGFR complex formation (56) . EGF can also stimulate adenylyl cyclase activity via activation of G s . G s ␣ is phosphorylated by the EGFR protein tyrosine kinase, and the juxtamembrane region of the EGFR can stimulate G s directly. G␣ s interacts with hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), a critical component of the endosomal sorting machinery, and Hrs increases the localization of G␣ s on endosomes (57) .
R-Ras was found in 2D DIGE analyses to be associated with late endosomes in an EGF-dependent manner (Table II and Fig. 5, A and B) . This finding was confirmed by Western blotting where R-Ras was increased in crude endosomes upon EGF stimulation (Fig. 5C ). Moreover an association of R-Ras with endosomes was inhibited by gefitinib as detected by 2D DIGE (supplemental table) as well as by Western blotting (Fig. 5C ). Additionally we confirmed R-Ras association with the cytoplasmic side of late endosomal vesicles of circular shape upon EGF stimulation by confocal laser scanning (Fig. 6 ) and epifluorescence (Supplemental Fig. 5 ) microscopy. R-Ras belongs to Ras superfamily of small GTPases. The plasma membrane is considered to be the main platform for Ras-mediated signaling. It has been shown that R-Ras localizes to focal adhesions on the plasma membrane to enhance both cell adhesion and cell spreading by integrin activation (25, 38) . Recently R-Ras was also shown on vesicular structures to co-localize with Arf6, suggesting that R-Ras undergoes internalization and recycling (25) . EGF-dependent association of R-Ras with late endosomes suggests a possibility of R-Ras signaling from the late endosomal compartment. Therefore, our observation is in good agreement with the data reported by Furuhjelm and Peranen (25) , who demonstrated that vesicles carrying the dominant negative (not activable) form of R-Ras (R-Ras43N) were not positive for such known organelle markers as Rab4, Rab5, Rab6, and Rab11, suggesting that R-Ras, which we could detect on the surface of late endosomal membrane, could be in its active and signaling-competent form on endosomes. It has also been shown that R-Ras antagonizes Ras/Raf-initiated integrin suppression (58), one of the well known effects of EGFR signaling. Therefore, the balance between R-Ras and H-Ras signaling may govern the decision between growth and differentiation. It is worth noting that R-Ras has already been detected as a component of highly purified rat liver lysosomes in a recent organelle proteomics analysis by Bagshaw et al. (59) , thereby further supporting our detection of this protein on endosomes. The possible late endosomal R-Ras signaling and its place in cell signaling networks remain to be investigated.
Several proteins of general metabolism were detected as differentially associated with endosomes in an EGF-dependent way, e.g. enzymes of lipid metabolism and glycolysis (see Table III ). Methylenetetrahydrofolate dehydrogenase 1 (MTHFD1), identified here, and 5,10-methylenetetrahydrofolate reductase play the central role in folate metabolism. 5,10-Methylenetetrahydrofolate reductase was recently found to be down-regulated in neonatal porcine pancreatic cells in response to EGF treatment using 2DE (45) .
To investigate the possibility that some of the proteins that differentially associated with endosomes could be regulated by EGFR signaling at the level of TCL we performed the identical 2D DIGE experiment but without subcellular fractionation in TCL. Fifteen proteins were found to be differentially regulated after EGF treatment for 5 and 40 min. The rearrangement of the actin cytoskeleton was one of the major effects of EGF stimulation. Six previously known EGF-regulated proteins (MEK1, stathmin, cofilin, destrin, cytokeratin 8, and hnRNP-K) and seven novel targets were identified (integrin ␣-3, serine/threonine-protein kinase TIK, phospholipase C-␦-1, dynein intermediate chain 2, zyxin, plastin-2, and NADH dehydrogenase 1 ␣ subcomplex subunit 5).
Phospholipase C-␦ was identified here as phosphorylated and up-regulated upon EGF treatment. It is well established that activated EGFR directly stimulates PLC-␥ by phosphorylating its tyrosine residues. However, it is still unclear whether PLC-␦ plays an important role as a signaling protein that is regulated by extracellular stimuli (60) .
The detection of MEK1, a core kinase in the MAPK cascade (Raf-MEK-ERK), confirmed the high sensitivity of the technique used here. Nevertheless only one protein, cytokeratin 8, of 23 EGFR targets on endosomes was detectable at the total cellular protein level. Therefore, organelle proteomics provides the necessary level of sensitivity for the detection of novel EGFR signaling targets. All together 23 proteins were identified here to be differentially associated with endosomal fractions in an EGF-dependent manner, among them several low abundance proteins known to be involved in signal transduction, endosomal trafficking, cytoskeleton rearrangement, and chaperone activity. EGF-dependent association of signaling molecules, such as R-Ras, with late endosomes suggests signaling specification through intracellular organelles. 
